The economically important soapberry family (Sapindaceae) comprises about 1900 species mainly found in the tropical regions of the world, with only a few genera being restricted to temperate areas. The infrafamilial classification of the Sapindaceae and its relationships to the closely related Aceraceae and Hippocastanaceae -which have now been included in an expanded definition of Sapindaceae (i.e., subfamily Hippocastanoideae) -have been debated for decades. Here we present a phylogenetic analysis of Sapindaceae based on eight DNA sequence regions from the plastid and nuclear genomes and including 85 of the 141 genera defined within the family. Our study comprises 997 new sequences of Sapindaceae from 152 specimens. Despite presenting 18.6% of missing data our complete data set produced a topology fully congruent with the one obtained from a subset without missing data, but including fewer markers. The use of additional information therefore led to a consistent result in the relative position of clades and allowed the definition of a new phylogenetic hypothesis. Our results confirm a high level of paraphyly and polyphyly at the subfamilial and tribal levels and even contest the monophyletic status of several genera. Our study confirms that the Chinese monotypic genus Xanthoceras is sister to the rest of the family, in which subfamily Hippocastanoideae is sister to a clade comprising subfamilies Dodonaeoideae and Sapindoideae. On the basis of the strong support demonstrated in Sapindoideae, Dodonaeoideae and Hippocastanoideae as well as in 14 subclades, we propose and discuss informal groupings as basis for a new classification of Sapindaceae.
a b s t r a c t
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Introduction
The soapberry family (Sapindaceae: Sapindales) comprising c. 1900 species (Acevedo-Rodríguez, personal communication), has a predominantly pantropical distribution with the occurrence of some taxa in temperate areas (e.g., Acer, Aesculus, Atalaya, Diplopeltis, Dodonaea). Sapindaceae include many economically important species used for their fruits [e.g., guarana (Paullinia cupana), litchi (Litchi chinensis), longan (Dimocarpus longan), pitomba (Talisia esculenta) and rambutan (Nephelium lappaceum)], wood [e.g., buckeyes (Aesculus)] or as ornamentals (Koelreuteria, Ungnadia) .
The circumscription of the family as well as the relationships among subfamilial entities have been widely challenged since the very first worldwide treatment of Sapindaceae sensu stricto (s.s.) (including subfamilies Sapindoideae and Dodonaeoideae) proposed by Radlkofer (1890 Radlkofer ( , 1933 ; for a review see Harrington et al., 2005) . For instance, several genera within the Sapindoideae (e.g., Tinopsis and Plagioscyphus from Madagascar; Capuron, 1969) were shown to be morphologically transitional between tribes described by Radlkofer (1933) , which prevented the recognition of unequivocal tribes. Within Sapindaceae s.s. the higher taxonomic entities (subfamilies and tribes) were originally defined by Radlkofer (1933) based on the number and type of ovules per locule, the fruit morphology, the presence or not of an arillode, the leaf type and the cotyledon shape. On the basis of macromorphological and palynological characters, Müller and Leenhouts (1976) revised the classification of Radlkofer (1933) . They recognized eight major pollen types (A-H) and several subtypes (e.g., type-A1), mainly based on their shape and characteristics of the aperture (Fig. 1) .
The pollen grains in Sapindaceae are triporate [the diporate type-D pollen of Lophostigma recognized by Müller and Leenhouts (1976) was wrongly identified; see Acevedo-Rodríguez (1993a) ]. Spherical pollen shape occurs in the majority of species (e.g., types A, B and H), whereas a triangular (type-C) or oblate (type-A1) shape is more restricted. The colpi may be absent (e.g., type-G) or parasyncolporate (e.g., type-A) to syncolporate (e.g., type-B) (Fig. 1) . Based on those characters Müller and Leenhouts (1976) rearranged the nine tribes of Sapindoideae recognized by Radlkofer (1933) into three taxonomically unranked groups characterized by their distribution, the presence or absence of an arillode surrounding the seed and the pollen types [i.e., group A comprised Sapindeae, Lepisantheae (incl. Aphanieae) and Melicocceae; group B comprised Schleichereae, Nephelieae and Cupanieae; group C comprised Paullinieae and Thouinieae]. They did not, however, modify the classification within the Dodonaeoideae and maintained the five tribes described by Radlkofer (i.e., Cossinieae, Dodonaeeae, Doratoxyleae, Harpullieae and Koelreuterieae, 1933). Furthermore, Müller and Leenhouts (1976) kept the predominantly temperate families Aceraceae and Hippocastanaceae separate from the rest of Sapindaceae. The circumscription of Sapindaceae has been debated ever since. Takhtajan (1987) , Cronquist (1988) and Dahlgren (1989) maintained Aceraceae and Hippocastanaceae separate from Sapindaceae, whereas broader concepts of the family have been adopted by several workers (e.g., Umadevi and Daniel, 1991; Judd et al., 1994; Gadek et al., 1996; Savolainen et al., 2000; Thorne, 2000 Thorne, , 2007 APGII, 2003) .
Building on a large-scale molecular phylogenetic analysis of Sapindales (Gadek et al., 1996) , Harrington et al. (2005) published the first molecular phylogeny of Sapindaceae sensu lato (s.l.) (including Aceraceae and Hippocastanaceae) inferred from the plastid genes rbcL and matK. Their phylogeny recognized the subdivision of Sapindaceae s.l. into four supported lineages, a monotypic Xanthoceroideae, Hippocastanoideae (including Aceraceae, Hippocastanaceae and Handeliodendron), a more narrowly defined Dodonaeoideae and Sapindoideae (including Koelreuteria and Ungnadia). Relationships between these four lineages remained weakly supported. Confirming previous works based on morphological features, Harrington et al. (2005) highlighted the paraphyletic or polyphyletic nature of several tribes described by Radlkofer (1933) .
According to the new assessment of the Sapindaceae s.l. proposed by Thorne (2007;  mainly based on Harrington et al., 2005) and a broad review of currently described taxa, it is now widely accepted that the c. 1900 species of this cosmopolitan family are divided into 141 genera (see Table 1 ; Acevedo-Rodríguez, personal communication). Even if Harrington et al. (2005) covered worldwide representatives of Sapindaceae s.l., the sampling (64 of the 141 genera, i.e., 45.4%) and the number of markers were not sufficient to assess the relationships among and within the major lineages of the family with confidence. In this study we provide a new assessment of the phylogenetic relationships within Sapindaceae s.l. based on 60.3% of the generic diversity (85 of the 141 genera) and including the previously unsampled tribe Cossinieae. The analysis is based on a combination of one nuclear (ITS region; ITS1, 5.8S, ITS2) and seven plastid (coding matK and rpoB; non coding trnL intron and intergenic spacers trnD-trnT, trnK-matK, trnL-trnF and trnS-trnG) markers. Coding plastid regions have proven to be useful in addressing phylogenetic relationships at higher taxonomic levels (e.g., Clayton et al., 2007; Muellner et al., 2006 Muellner et al., , 2007 Harrington et al., 2005) , whereas noncoding regions (introns and intergenic spacers) were shown to be more useful at lower taxonomic ranks (Baldwin, 1992; Soltis and Soltis, 1998) . The combination of several markers from both nuclear and plastid genomes as well as coding and non coding regions are expected to improve the resolution of phylogenetic relationships within the family. In this study, our objectives are (1) to examine the relationships between the traditionally defined Aceraceae and Hippocastanaceae with the rest of Sapindaceae, (2) to evaluate the tribal concepts of Radlkofer (1933) and Müller and Leenhouts (1976) , (3) to examine phylogenetic relationships among taxa in light of characters traditionally used to define the higher level groupings in Sapindaceae s.l. (e.g., number of ovules per locule, pollen morphology, leaf type and presence/absence of an arillode) and (4) to propose a new preliminary infrafamilial classification for Sapindaceae s.l.
In addition of being a challenging family at the taxonomic level, the amplification of molecular markers in Sapindaceae s.l. is made difficult by several mutations occurring in flanking regions of widely used plastid and nuclear regions such as matK (Harrington et al., 2005) and ITS (Edwards and Gadek, 2001 Müller and Leenhouts (1976) . See text for explanations regarding the morphological differentiation between pollen types.
Table 1
Infrafamilial classification of Sapindaceae sensu lato (Radlkofer, 1933; Müller and Leenhouts, 1976; Thorne, 2007) . Information on number of taxa, habit and distribution of genera were taken from literature (Radlkofer, 1933; Acevedo-Rodríguez, 1993a ,b, 2003 Adema et al., 1994; Ferrucci 1991 Ferrucci , 1998 Davies, 1997; Davies and Verdcourt, 1998; Klaassen, 1999; Thomas and Harris, 1999; Xia and Gadek, 2007; Mabberley, 2008) . Abbreviations are as follows: s, shrub; st, small tree; t, tree; l, liana. Genera sampled for the phylogenetic analysis of Sapindaceae are indicated in bold and genera found to be either paraphyletic or polyphyletic are identified by an asterisk (Ã). for family Sapindaceae. This was achieved by analysing two data sets based on the same taxa, but including different levels of missing data (i.e., different number of markers). While the inclusion of missing data was widely recognized as a major drawback in phylogenetic analyses during the early 90s (e.g., Huelsenbeck, 1991; Wiens and Reeder, 1995) , recent simulations (Wiens, 1998 (Wiens, , 2003 (Wiens, , 2006 and empirical analyses (Bapteste et al., 2002; Driskell et al., 2004; Phillipe et al., 2004) have shown that taxa comprising high levels of missing data could be accurately placed in phylogenies. Moreover, adding incomplete taxa to a phylogenetic analysis was even shown to improve the accuracy of a given topology, e.g. by subdividing misleading long branches (Wiens, 2005) . However, there is a strong heterogeneity in the ability of the different phylogenetic algorithms for managing data sets with substantial levels of missing data (Wiens, 2006) , with maximum parsimony performing poorly compared to model-based algorithms such as maximum likelihood and Bayesian inference (Wiens, 2005 (Wiens, , 2006 .
Material and methods

Taxon sampling
Species names, voucher information, and GenBank accession numbers for all sequences are provided in the Appendix. The sampling strategy was designed to encompass the majority of subfamilies, tribes and genera of the family as recognized by the existing classifications of Radlkofer (1933) , Müller and Leenhouts (1976) and Thorne (2007) . Ingroup sampling comprised 152 specimens representing 60.3% of the generic diversity (85 of the 141 genera; 28 of the 57 missing genera in this analysis are monospecific; Table  1 ). The outgroup included Anacardiaceae (Sorindeia sp.; defined as outgroup in all analyses; Savolainen et al., 2000; Muellner et al., 2007) and Simaroubaceae (Harrisonia abyssinica). Silica-gel dried samples (Chase and Hills, 1991) were collected in the field by the authors and complemented with materials from the DNA banks of the Missouri Botanical Garden (St. Louis, USA), the Royal Botanic Gardens, Kew (London, UK) and the James Cook University (Cairns, Australia).
DNA sequencing
Samples from the collections of the Missouri Botanical Garden and field collected samples were extracted in the laboratory of Evolutionary Botany at the University of Neuchâtel (Switzerland) using the QIAGEN DNeasy plant kit (Qiagen, Hilden, Germany) and following the manufacturer's protocol. Samples from the collections of the Royal Botanic Gardens, Kew, were extracted using the 2Â cetyltrimethylammonium bromide (CTAB) procedure of Doyle and Doyle (1987) with minor modifications (see Muellner et al., 2005) followed by additional purification using a caesium chloride/ethidium bromide gradient (1.55 g/ml) and a dialysis procedure. The samples from James Cook University (Cairns, Australia) were extracted with the CTAB procedure of Doyle and Doyle (1987) .
Seven plastid DNA regions and one nuclear ribosomal DNA region were amplified. Primers for the plastid regions are those described in Edwards and Gadek (2001) for matK (specific primer for the Dodonaeoideae were designed by Harrington et al., 2005) and the trnK-matK intergenic spacer (IGS), the DNA barcoding project (http://www.kew.org/barcoding/update.html) for rpoB, Demesure et al. (1995) for the trnD-trnT IGS, Taberlet et al. (1991) for trnL intron and trnL-trnF IGS, and Hamilton (1999) for trnS-trnG IGS. Primers for the ITS region are described in White et al. (1990) and additional primers were designed by Edwards and Gadek (2001) for Sapindaceae s.l.
Amplification of selected regions were achieved in a 25 ll reaction mixture containing 5 ll 5Â PCR buffer, 1.5 ll 25 mM MgCl 2 , 0.5 ll 10 mM dNTPs, 0.5 ll 10 mM primers, 0.2 ll GoTaq polymerase (5 U/ll) (Promega, Madison, WI, USA), and 14.5 ll ddH 2 O. The amplification of the matK region was improved by the addition of 4% DMSO in the total volume of the PCR mix. PCR was performed in a Biometra Ò T3 thermocycler. Initial denaturation was programmed for 2 min at 95°C, followed by 35 cycles at 95°C for 45 s, 50°C for 45 s, 72°C for 1 min, plus a final extension of 10 min at 72°C. PCR products were purified using the QIAquick PCR purification kit (Qiagen, Hilden, Germany) and fluorescent sequencing was performed by Macrogen, Inc. (Seoul, South Korea) with the same primers used for PCR amplification.
Alignment
The program Sequencher version 4.1 (Gene Codes Corp., Ann Arbor, Michigan, USA) was used to assemble complementary strands and verify software base-calling. The eight regions where initially aligned individually with ClustalX (Thompson et al., 1997) , and thereafter manually adjusted with the program Bioedit (Hall, 1999) using the similarity criterion (Morrison, 2006) . The program Concatenate (Alexis Criscuolo, http://www.lirmm.fr/~criscuol/) was used to construct two combined matrices, differing in the number of markers considered and in the level of missing data (see below).
Phylogenetic analyses
Single-gene analyses
Individual phylogenetic analyses and their corresponding bootstrap analyses were performed using the maximum likelihood (ML) and maximum parsimony (MP) criteria. Each partition and the combined data sets were analyzed using parsimony ratchet (Nixon, 1999) as implemented in PAUPrat (Sikes and Lewis, 2001 ). Based on recommendations by Nixon (1999) , ten independent searches were performed with 200 iterations and 15% of the parsimony informative characters perturbed. The shortest equally most parsimonious trees were combined to produce a strict consensus tree. To assess the support at each node, non parametric bootstrap analyses (Felsenstein, 1985) were performed using PAUPÃ version 4.0b10 (Swofford, 2002) with 1000 replicates, SPR branch swapping, simple sequence addition, MULTREES and holding 10 trees per replicate. We used SPR branch swapping because it has been shown to be twice as fast as TBR and results in support percentages that are not significantly different (Salamin et al., 2003) .
Model selection for each partition was assessed using Modeltest version 3.7 (Posada and Crandall, 1998) and the Akaike information criterion (Akaike, 1973) . ML analyses were performed using RAxML version 7.0.0 (Stamatakis, 2006; Stamatakis et al., 2008) with a 1000 rapid bootstrap analyses followed by the search of the best-scoring ML tree in one single run. This analysis was done using the facilities offered by the CIPRES portal in San-Diego, USA (http://8ball.sdsc.edu:8888/cipres-web/home).
In this study, nodes with bootstrap supports (BS) below 50% are considered not supported, 50-74% are considered weakly supported, 75-89% are moderately supported and 90-100% are strongly supported. Topological differences between single-gene phylogenetic trees were compared using TreeJuxtaposer (Munzner et al., 2003) , taking into account the level of resolution of each marker and their bootstrap supports. In this study, topological differences having a bootstrap support inferior to 75% were not considered.
Combined analyses
The impact of missing data on combined MP and ML phylogenetic analyses was tested based on two different combined matrices. The first matrix (hereafter named ''4 markers" data set) was composed of specimens for which sequence information was available for the nuclear ribosomal ITS region and for three of the seven plastid regions (rpoB, trnL intron and trnL-trnF IGS).
In this combined matrix, the four remaining plastid markers were not included in order to have a complete matrix without missing data. The second combined matrix (hereafter named ''4+4 markers" data set) comprised the same set of taxa as the ''4 markers" data set, but also included the other four plastid markers (matK, trnD-trnT IGS, trnK-matK IGS and trnS-trnG IGS). This data set was designed to evaluate the effect of additional information on the resolution and support of topologies in comparison to the ''4 markers" analyses. Taxa for which no sequences were available for a given marker were coded as missing data for the corresponding cells in the combined matrix (sensu Wiens and Reeder, 1995) .
Total evidence trees (sensu Kluge, 1989) were determined using both ML and MP criteria on the two data sets using the same settings as in the single-gene analyses. Non parametric bootstrap analyses were performed for the data sets following the same settings as for the single-gene analyses. Before computing total evidence trees, an incongruence length difference (ILD) test (Farris et al., 1994) was performed as implemented in PAUPÃ version 4.0b10 (Swofford, 2002) with 100 replicates.
Topological congruence and impact of missing data on combined analyses
Based on analyses of the combined matrices (i.e., ''4 markers" and ''4+4 markers" data sets), the impact of missing data on MP and ML phylogenetic analyses was investigated (i) by assessing topological distances among trees obtained using different data sets and algorithms and (ii) by comparing taxa groupings (and clade supports) in each topology. The explicitly agree distance (Estabrook et al., 1985; Estabrook, 1992 ; EA distance) was calculated to evaluate the extent to which total evidence trees were compatible with each other. The EA distance quantifies the differences between trees of the same size (i.e., comprising the same number of terminal taxa). It evaluates the proportion of triplets that are resolved identically in two trees (see Wilkinson et al., 2005) . EA distances were calculated using DARWIN 5 (Perrier et al., 2003) . The congruence of topological groupings in analyses obtained from different data sets and algorithms was evaluated using TreeJuxtaposer (Munzner et al., 2003) and bootstrap supports of each main clade were compared.
Results
Alignment
The number of sequences included in each single-gene partition varied from 69 in trnS-trnG IGS to 154 in rpoB, trnL intron and trnL-trnF IGS (Table 2 ). For the ITS region, all specimens were sequenced, except the outgroup species Sorindeia sp. (i.e., 153 sequences were produced). The alignment length ranged from 363 bp in rpoB to 2156 bp in trnS-trnG IGS ( Table 2 ). The ITS region had the highest number of variable characters (51.4%), whereas trnS-trnG IGS had the lowest (23.8%), even less than the coding regions matK and rpoB (29.1% and 37.2%, respectively). The same trend was recorded for the percentage of potentially parsimonyinformative characters (37.8% for the ITS region and 9.0% for the trnS-trnG IGS; Table 2 ).
The combined data sets consisted respectively of 615 sequences (154 specimens; no missing data in ingroup taxa) for the ''4 markers" data set, and 997 sequences (154 specimens; 18.6% missing data) for the ''4+4 markers" data set ( Table 2 ). The alignment length of the two data sets was respectively 3031 bp (''4 markers") and 9657 bp (''4+4 markers"). The ''4 markers" data set had a highest percentage of variable characters (44.7%) than the ''4+4 markers" data set (37.0%). The same observations were recorded for the percentage of potentially parsimony-informative characters (30.3% for the ''4 markers" and 21.2% for the ''4+4 markers" data sets; Table 2 ). However, when considering the total amount of phylogenetic information averaged by the number of taxa, the ''4+4 markers" data set showed a value more than twice higher than did the ''4 markers" data set (Table 2) .
Phylogenetic analyses 3.2.1. Single-gene analyses
The best-fit model for all partitions was the general time reversible (GTR) with an alpha parameter for the shape of the gamma distribution to account for among-site rate heterogeneity (Yang, 1993) . The only exception was for the ITS region for which a proportion of invariable sites was added. Although the MP and ML single-gene analyses provided topologies with different levels of resolution within Sapindaceae s.l. (e.g., the MP trees were usually not resolved in several parts of the tree), no moderately to strongly supported differences (>75%) were observed between single-gene trees. In addition, the ILD test was not significant (P = 0.9) and indicated that the eight data sets were congruent. Those results allowed the combination of the partitions in a total evidence approach. Statistics (number of most parsimonious trees; tree length; consistency and retention indices) for each analysis are reported in Table 2 .
Combined analyses
The most parsimonious trees for the two combined analyses under the MP criterion were respectively 5889 (''4 markers" data set) and 9843 (''4+4 markers" data set) steps. Under the ML criterion, the best-fit model for the combined matrices was GTR with a proportion of invariable sites and an alpha parameter for the shape of the gamma distribution to account for among-site rate heterogeneity (Yang, 1993) . This model was used to perform the ML search (log likelihoods were À34322.2 for the ''4 markers" data set and À69253.8 for the ''4+4 markers" data set) followed by rapid bootstrap analyses.
Topological congruence and impact of missing data on combined analyses
The congruence (expressed by 1 À EA distance) between total evidence trees compiled under the ML criterion was higher (98% of common triplets between total evidence trees based on ''4 markers" and ''4+4 markers" data sets) than between total evidence trees obtained under MP criterion (90% of common triplets between total evidence trees based on ''4 markers" and ''4+4 markers" data sets) ( Table 3 ). The MP ''4 markers" total evidence tree exhibits the highest EA distances with the other total evidence trees (Table 3) .
Each of the four total evidence analyses showed support for the monophyly of Sapindaceae s.l. as defined by Thorne (2007) including Aceraceae and Hippocastanaceae (Table 4) . No matter which data set or algorithm were considered, the family was subdivided into three moderately to strongly-supported lineages and a fourth lineage only consisting of Xanthoceras sorbifolia, with the following relationships: (Xanthoceras sorbifolia, (clade A, (clade B, clade C))) (Table 4, Fig. 2 ). Despite strong support for each clade, the sister position of the monotypic Xanthoceras was not supported in any analyses (see clade A + clade B + clade C in Table 4 ). This lineage corresponded to subfamily Xanthoceroideae as described by Thorne (2007) . Clade A corresponded to Table 2 Characteristics of partitions used in the phylogenetic analyses of the Sapindaceae s.l. See text for explanations regarding the compilation of combined data sets (i.e. ''4 markers" and ''4+4 markers"). IGS, intergenic spacer; the asterisk (Ã)
indicates markers included in the combined ''4 markers" phylogenetic analysis. MP, maximum parsimony.
Phylogenetic information
Single-gene analysis subfamily Hippocastanoideae (including the previous recognized families Aceraceae and Hippocastanaceae) as described by Harrington et al. (2005) and Thorne (2007) . Clade B corresponded to subfamily Dodonaeoideae as described by Harrington et al. (2005) and Thorne (2007) with the addition of Euphorianthus (Cupanieae; Sapindoideae). Clade C corresponded to subfamily Sapindoideae (Thorne, 2007; Harrington et al., 2005) plus one representative from Dodonaeoideae, Conchopetalum, included in tribe Harpullieae. Clade C was moderately to strongly supported as monophyletic and divided into ten groups, but not in the MP ''4 markers" total evidence tree (only one exception: clade V nested in clade VI; Table 4 ). The bootstrap supports of each clade obtained under the ML algorithm are consistent in both data sets (Table 4) , whereas support slightly increases in MP analyses, in parallel to an increase in missing data (Table 4) . The ''4 markers" and ''4+4 markers" topologies recognized all the classical tribes (except the Paullinieae) as paraphyletic or polyphyletic. However, phylogenetic status of tribes Cossinieae and Koelreuterieae were not tested because only one genus per tribe was considered. In total 5 of the 67 non-monotypic sampled genera (7.5%) are paraphyletic or polyphyletic (Cupaniopsis, Guioa, Haplocoelum, Matayba, Sarcotoechia). However, the phylogenetic status of some of these genera needs to be treated with caution because of weak bootstrap supports and limited sampling (e.g., Guioa).
Discussion
Congruence of topologies with and without missing data
Our results indicate a high level of congruence among topologies obtained using data sets with and without missing data and based on different algorithms. Considering the ''4 markers" data set (without missing data), MP and ML algorithms however produced slightly different topologies regarding clades C-V and C-VI (i.e., in the MP ''4 markers" tree clade C-VI is paraphyletic with the inclusion of the clade C-V, whereas all other topologies considered this clade as monophyletic; Table 4 ). This could be explained mostly by the small amount of phylogenetic information in the ''4 markers" data set that prevent the MP algorithm to find a proper solution (averaged over the number of terminal taxa; Table 2 ). Although the addition of 4 markers to the data set generated 18.6% of missing data (27.3% of missing nucleotides) in the ''4+4 markers" data set, the added information doubled the mean amount of potentially parsimonious-informative characters per terminal taxa and increased the bootstrap support for several nodes in the total evidence trees (Tables 2 and 4 ). Since our results highlight a high congruence level among topologies obtained with different data sets and algorithms, only the ML total evidence tree inferred from the ''4+4 markers" data set will be discussed in order to maximize phylogenetic information (Figs. 2-6 ).
Phylogenetic relationships
Our results support (1) the paraphyly of the currently defined Dodonaeoideae and Sapindoideae as defined by Thorne (2007) ; (2) the polyphyly of all tribes (tribes Cossinieae and Koelreuterieae are not considered because only one genus per tribe was sampled) with the possible exception of Paullinieae -whose monophyletic status shall be evaluated by the inclusion of three missing genera Houssayanthus, Lophostigma and Thinouia in future analyses -and (3) the paraphyly or polyphyly of 5 of the 67 non-monotypic sampled genera (7.5%) included in this study (Table 1) . Table 3 Level of topological agreement (based on EA distances) between total evidence trees inferred from the ''4 markers" and ''4+4 markers" data sets. See text for explanations regarding the compilation of these data sets. MP, maximum parsimony; ML, maximum likelihood. Table 4 Summary of the bootstrap support for each clade recovered in the four total evidence trees (two data sets and two algorithms). Bootstrap supports for clade C-I are not indicated because this lineage is only composed by Delavaya yunnanensis. Note: Although monophyletic, clade C-V is nested into clade C-VI, the latter is not recovered by the MP analysis based on the ''4 markers" data set. MP, maximum parsimony; ML, maximum likelihood. I  100  100  100  100  B-II  88  77  86  86  Clade C  92  87  96  98  C-II  100  100  100  100  C-III  100  100  100  100  C-IV  77  98  <50  65  C-IV-a  73  100  73  100  C-IV-b  100  100  <50  83  C-V  100  100  99  100  C-VI  60  75  -<50  C-VI-a  69  89  <50  65  C-VI-b  65  83  <50  58  C-VII  100  100  100  100  C-VIII  60  61  50  70  C-IX  100  100  99  100  C-X  100  100  93  100 In light of these results, a new infrafamilial classification for Sapindaceae s.l. is required. However, we recommend caution in formally proposing new tribes until (i) non-molecular synapomorphies supporting putative new tribal delimitations are identified and (ii) the inclusion of missing genera in future phylogenetic analyses. In order to provide efficient guidelines for a new classification of the family, the phylogenetic framework obtained here is discussed according to several key morphological characters such as leaf type (including phyllotaxy), wood anatomy, number of ovules per locule, fruit type and pollen (Fig. 1) , as well as geographical distribution. Hereafter, the definition of Dodonaeoideae and Sapindoideae will be expanded to include Euphorianthus in the former and Conchopetalum in the latter.
Xanthoceroideae and Hippocastanoideae occur mostly in temperate regions [except Billia (not included here), which occurs from Mexico to tropical South America], whereas Dodonaeoideae have a temperate (e.g., south of Australia) and tropical pattern of distribution. On the other hand, Sapindoideae have mainly radiated in tropical regions. Within Sapindaceae s.l., a trend towards the reduction of the number of ovule per locule is observed: from six to eight (Xanthoceroideae) to two (Hippocastanoideae and most of the Dodonaeoideae) and finally one (Sapindoideae except Conchopetalum). All four subfamilies recognized by Thorne (2007) are discussed separately below. (Fig. 2) The phylogenetic position of the monotypic Chinese Xanthoceras in relation to the other three main lineages of Sapindaceae remains unsupported (BS < 50) ( Fig. 2; ., 2000) . In the first molecular phylogeny of Sapindaceae s.l., Harrington et al. (2005) argued that an increased sampling of other monotypic Southeast Asian genera of Harpullieae (e.g., Arfeuillea, Delavaya, Eurycorymbus) and Koelreuterieae (Sinoradlkofera) might help break up possible long-branch attraction and stabilize the position of this taxon. However, our study shows that even when considering 60.3% of the generic diversity and including Arfeuillea, Delavaya and Eurycorymbus, the phylogenetic position of this genus remains unchanged. This small shrub is characterized by unusual features in Sapindaceae such as deciduous imparipinnate leaves (vs. deciduous simple leaves or sempervirent imparipinnate or paripinnate leaves in other Sapindaceae), six to eight fertile ovules per locule (generally 1 or 2 ovules per locule in the rest of the family) and the presence of orange horn-like appendages protruding from the disk (absent in other genera). Moreover, this species exhibits a type-A pollen which was expected to be ancestral in Sapindaceae by Müller and Leenhouts (1976) (Fig. 1) . However, this pollen type is widespread across the taxa sampled in our phylogeny and is consequently of limited systematic utility. Fig. 2) The inclusion of Aceraceae and Hippocastanaceae in Sapindaceae has been debated for decades (e.g., Radlkofer, 1933; Müller and Leenhouts, 1976; Umadevi and Daniel, 1991; Judd et al., 1994) and both are currently included in Sapindaceae by the Angiosperm Phylogeny Group (APGII, 2003) . However, the final decision regarding the taxonomic level of this well-supported clade (BS 100, Fig. 2 ) is somewhat dependant on the placement of Xanthoceras sorbifolia. Although Billia and Handeliodendron, thought to be close relative of Aesculus (Xiang et al., 1998; Forest et al., 2001) , were not sampled here, the analysis confirms the definition of Hippocastanoideae as previously suggested by Judd et al. (1994) and Harrington et al. (2005) . This temperate clade is charac- terized by deciduous opposite simple leaves (generally palmatilobate), two ovules per locule and a type-A pollen (Biesboer, 1975; Müller and Leenhouts, 1976, Fig. 1 ).
Subfamily Xanthoceroideae
Subfamily Hippocastanoideae (Clade A,
Subfamily Dodonaeoideae (Clade B, Figs. 2 and 3)
The improved sampling for subfamily Dodonaeoideae (i.e., the addition of genera Arfeuillea, Averrhoidium, Doratoxylon, Euphorianthus, Eurycorymbus, Llagunoa and Majidea) allows the recognition of two moderately to well-supported clades (Fig. 3, Table 4 ). This topology was partially recovered by Harrington et al. (2005) , but the addition of new taxa allow their delimitation based on fruit morphology: clade I (Doratoxylon group) occurs from Africa, Madagascar to Australasia and is characterized by indehiscent berrylike fruits, whereas clade II (Dodonaea group) is distributed in South America, Madagascar, Australasia and the Pacific islands (Dodonaea viscosa had a worldwide distribution) and comprises species with dehiscent fruits. In addition to the widespread type-A pollen occurring in both clades, specialized pollen types characterizing specific taxa occur in clade II [i.e., type-F (Diplopeltis hueglii) and type-H (Harpullia cupanoides)] (George and Erdtman, 1969; Müller and Leenhouts, 1976, Fig. 1 ). Clades I and II have generally two ovules per locule; however a reduction to one ovule per locule occurs independently in the two clades (Filicium in clade I and Euphorianthus in clade II). Moreover, a few species of Harpullia (clade II), such as H. arborea, have 1-2 ovules per locule (Adema et al., 1994 ). Figs. 2 and 4-6) 4.6.1. Early-diverging lineages (Fig. 4) Subfamily Sapindoideae is by far the most diverse lineage in terms of species. Based on our analyses, we propose to divide it into ten groups that are discussed in light of their morphological features, geographical distribution and compared to tree topologies obtained by Harrington et al. (2005) (Figs. 4-6 ). The Delavaya group is the first lineage to diverge in Sapindoideae (clade I). Only the Chinese monotypic genus Delavaya is included in the present study. Results from Harrington et al. (2005) highlighted the Mexican and Texan genus Ungnadia (from which nuclear sequences were unavailable) as the most basal lineage in Sapindoideae. Combined plastid analyses (Buerki, unpublished data) revealed a closerelationship between those two genera as suggested by Judd et al. (1994;  based on morphological characters); however this relationship must be further examined using nuclear sequences. The Delavaya group is characterized by elongated petal base appendages and glabrous stamens (Judd et al., 1994) and the wood anatomy within the group is identical to the Cupanieae (Klaassen, 1999) . The Koelreuteria group (clade II, BS 100), here comprising only Koelreuteria, is distributed in southern China and western Pacific. The study of Harrington et al. (2005) derived characters (one ovule per locule in Smellophylum and Stadmania) and is characterized by the presence of trichomes on the anther. Since these two lineages show a disjunct distribution and transitional character states, they might be relicts of early diversification events in the subfamily (caused by long distance dispersals for example). The Schleichera group, which is partially recovered by Harrington et al. (2005) , here with the inclusion of Amesiodendron (Cupanieae), is a well-supported (BS 100) tropical Asian clade (clade III, Fig. 4 ). This clade is characterized by a Cupanieae-like wood anatomy (Klaassen, 1999) and type-B pollen (Müller and Leenhouts, 1976 , Fig. 1 ).
Subfamily Sapindoideae (clade C,
Melicoccus lepidopetalus MEL
Melicoccus bijugatus MEL
Talisia nervosa MEL
Talisia obovata MEL
Blomia prisca CUP
Haplocoelum foliosum subsp. foliosum SCH
Haplocoelum foliosum SCH
Tristiropsis canarioides MEL
Dictyoneura obtusa CUP
Plagioscyphus unijugatus SCH
Pappea capensis NEP
Haplocoelum perrieri SCH
Conchopetalum brachysepalum HAR
Macphersonia chapelieri SCH
Beguea apetala (Vary 40) SCH
Beguea apetala (Buerki 149) SCH
Paranephelium macrophyllum CUP
Paranephelium xestophyllum CUP
Amesiodendron chinensis CUP
Schleichera oleosa SCH
Koelreuteria paniculata (Yuan
The Litchi group (Figs. 4 and 5)
This clade (clade IV, BS 98, Fig. 4 ) is divided into two well-supported groups (a and b; Fig. 5 ). Clade a (BS 100) partially corresponds to the Dimocarpus group proposed by Müller and Leenhouts (1976;  traditionally comprising Cubilia, Dimocarpus, Litchi, Nephelium, Pometia and Xerospermum) and a heterogeneous group comprising mostly African genera as well as the Indian and Australian Lepidopetalum. Our study also confirms the close relationships of Pometia (characterized by type-C1 pollen; Müller and Leenhouts, 1976; van der Ham, 1990 , Fig. 1 ) with the other member of the Dimocarpus group as expected by Müller and Leenhouts (1976) . The Lepisantheae-type wood anatomy of Eriocoelum (Cupanieae; Klaassen, 1999) confirms its relationships with the other genera of Lepisantheae from this clade. A more comprehensive analysis of this clade is currently being undertaken (Buerki, unpublished data).
Clade b (BS 100) partially corresponds to group A of Müller and Leenhouts (1976) with the addition of Pseudima (Cupanieae). The inclusion of the South American Pseudima is supported by type-A pollen (Müller and Leenhouts, 1976, Fig. 1 ) and similar wood anatomy shared with other Sapindeae (Klaassen, 1999) . Our results highlight the close affinities of Lepisanthes, Sapindus and Atalaya, but the understanding of relationships within this group will require additional data. The monophyly of the African-Malagasy Deinbollia is supported by molecular analyses and type-A1 pollen (Müller and Leenhouts, 1976, Fig. 1 ).
Dimocarpus australianus NEP
Litchi chinensis NEP
Pometia pinnata (Chase 2135) NEP
Pometia pinnata (Yuan s.n.) NEP
Nephelium chryseum NEP
Chytranthus carneus LEP
Pancovia golungensis LEP
Laccodiscus klaineanus CUP
Haplocoelopsis africana CUP
Glenniea pervilei LEP
Eriocoelum microspermum CUP
Eriocoelum kerstingii CUP
Lepidopetalum fructoglabrum CUP
Blighia sapida CUP
Cubilia cubili NEP
Lecaniodiscus fraxinifolius SCH
Mischocarpus pyriformis CUP
Mischocarpus pentapetalus CUP
Mischocarpus grandissumus CUP
Mischocarpus exangulatus CUP
Sarcopteryx sp. (Edwards KE49) CUP
Sarcopteryx martyana CUP
Sarcopteryx reticulata CUP
Neotina coursii CUP
Tinopsis apiculata SCH
Tina isaloensis CUP
4.6.3. The Macphersonia group (Fig. 4) Our study reveals for the first time relationships between southeast African and Malagasy genera (BS 100, Fig. 4) . Two strongly supported clades were formed by South African Pappea capensis and Malagasy Plagioscyphus (BS 100) and Malagasy Beguea, Conchopetalum and Haplocoelum perrieri, as well as east African and Malagasy Macphersonia (BS 100). Pappea was previously thought to be related to other Nephelieae (Alectryon, Podonephelium, Smelophyllum and Stadmania) by Müller and Leenhouts (1976) , and placed without support as sister to Paullinieae and Thouinieae by Harrington et al. (2005) . The position of Conchopetalum, characterized by inflated fruits without arillode, in the traditional core Malagasy Schleichereae, defined by indehiscent fruits and a fleshy arillode surrounding the seed, was an unexpected result (Capuron, 1969) . This clade is characterized by actinomorphic flowers, one ovule per locule (except two in Conchopetalum) and is distributed throughout Madagascar and southeast Africa.
The Cupania group (Figs. 4 and 6)
The Australasian and Malagasy/South American clade VI (BS 75, Fig. 4 ) encloses the majority of Cupanieae genera (23 of the 32 sampled genera) and is divided into two main groups (Figs. 4 and 6 ). In the Australasian clade a (BS 100), the monophyly of Elattostachys is well supported and the expected close relationship between the New Caledonian Podonephelium and Australasian and Pacific Alectryon is confirmed by this phylogenetic analysis and the shared type-A pollen (Müller and Leenhouts, 1976 , Fig. 1 ). Only one non Cupanieae taxon belongs to clade b (BS 100): Tinopsis apiculata (Schleichereae). The Malagasy Tinopsis was first described as part of the Cupanieae (Radlkofer, 1933) and later transferred to the Schleichereae based on the indehiscence of the fruit and the presence of a fleshy arillode (Capuron, 1969) . However, no floral or vegetative characters have been identified to discriminate this genus from the Malagasy Cupanieae genera Tina and Neotina. This study confirms the close relationships between these genera and supports Radlkofer's (1933) hypothesis. This example and others encountered in clades II and V provide strong arguments supporting the convergent evolution of fruit morphology and consequently its limited systematic utility. The plasticity of fruit types has been demonstrated in several phylogenetic studies performed on a wide range of taxa (e.g., van Welzen, 1990; Adema, 1991; Muellner et al., 2003) . The Cupania group is characterized by type-B pollen (except Alectryon and Podonephelium which have type-A pollen; Müller and Leenhouts, 1976, Fig. 1 ). In general, taxa within clade b present low genetic distances among them while having long terminal branches (especially the Australasian representatives such as Cupaniopsis, Gongrodiscus and Toechima). 4.6.5. The Paullinia group and allies (Tristiropsis, Blomia and Melicoccus groups) (Fig. 4) Although strongly supported in general (except for the Blomia group; Table 4), the relationships between these four groups remain unclear (Fig. 4) . The monophyly of the Australasian clade VII and the Mexico/East African clade VIII are weakly to well-supported (BS 100 and BS 61, respectively, Fig. 4 ). To date, no morphological characters have been identified that circumscribe these lineages. The monophyly of the South American clade IX is well supported (BS 100, Fig. 4 ) and confirms the suggested affinities between Melicoccus and Talisia argued by Acevedo-Rodríguez (2003) based on morphology and pollen characters.
The pantropical clade X (Fig. 4 ) is strongly supported (BS 100) and corresponds both to the Nomophyllae group defined by Radlkofer (1933) and to the group C proposed by Müller and Leenhouts (1976) containing Paullinieae and Thouinieae. Although no representatives of genus Allophylus (Thouinieae) were included here, our study confirms the results of the morphological cladistic analyses of the two tribes conducted by Acevedo-Rodríguez (1993b) and the molecular analyses of Harrington et al. (2005) , which show a monophyletic Paullinieae nested in a paraphyletic Thouinieae. Our analysis indicates that the enigmatic species Sapindus oligophyllus has affinities with genera in this clade (Fig. 7) . The generic position of this taxon has puzzled taxonomists for decades. It was first described as a member of Aphania and subsequently transferred in Sapindopsis, Howethoa, Sapindus (see Rauschert, 1982 for review) and recently merged, although informally, in Lepisanthes by Xia and Gadek (2007) . The increase of sampling and the inclusion of Allophylus species might help to circumscribe the position of this taxon. Type-A pollen and the tree life-form are shared by the most basal lineages in this clade (Athyana weinmannifolia, Diatenopteryx sorbifolia and Bridgesia incisifolia; Acevedo-Rodrí-guez, 1993b, Figs. 1 and 7) , whereas the other taxa have a highly specialized pollen type (type-C2-3; Müller and Leenhouts, 1976 , Fig. 1 ) and a tendency towards liana habit. Species with subtype-C pollen do not form a monophyletic group and consequently this character is of limited systematic value (e.g., type-C3 is encountered in Thouinia and Paullinia; Müller and Leenhouts, 1976; Acevedo-Rodríguez, 1993b, Figs. 1 and 4) . Clade X is characterized by zygomorphic flowers, petals with a prominent scale, an unilateral disk and imparipinnate leaves. The liana habit and the development of tendrils and stipules constitute synapomorphies for Paullinieae (Fig. 4) .
Informal tribal groupings within Sapindaceae
The phylogenetic analysis inferred from eight nuclear and plastid regions provides a robust assessment of the relationships within Sapindaceae s.l. (although the relationships between the subfamilies remain weakly supported) (Fig. 2) . Nevertheless, the tribal delimitations as currently defined (and based largely on fruit morphology) must be revised because of the plasticity of fruit characters in this group. When Richardson et al. (2000a,b) assessed the tribal classification of Rhamnaceae (also defined by fruit morphology), they encountered the same taxonomic difficulty and proposed a new classification based on molecular data in combination with morphological characters. We follow a similar approach and propose here an informal grouping that could serve as basis for a formal reclassification of Sapindaceae s.l. based on molecular and morphological data. The family is subdivided into four subfamilies (as recognized by Thorne, 2007 ) and 14 groups: Xanthoceroideae, Hippocastanoideae (two groups); Dodonaeoideae (two groups) and Sapindoideae (10 groups) (Figs. 2-4) . The groups within subfamilies might represent circumscriptions for the definition of future tribes.
Subfamily Xanthoceroideae
It includes the monotypic Chinese Xanthoceras sorbifolia, this deciduous shrub is characterized by alternate imparipinnate leaves, 6-8 ovules per locule and orange horn-like appendages protruding from the disk (Fig. 2) .
Subfamily Hippocastanoideae
Temperate deciduous shrubs and trees (except Billia found from Mexico to tropical South America) with simple generally palmatilobate opposite leaves and 2 ovules per locule (Fig. 2) . Although our sampling is limited for this subfamily, results from other studies (Judd et al., 1994; Harrington et al., 2005 ; Buerki, unpublished data) allows us to suggest two groups within subfamily Hippocastanoideae, corresponding to the formerly recognized families Aceraceae and Hippocastanaceae (Fig. 4): -Acer group (Acer and Dipteronia): leaves palmately lobed to 3-foliate or imparipinnate, or entire; actinomorphic unisexual or bisexual flowers and samara; -Aesculus group (Aesculus, Billia and Handeliodendron): leaves palmately divided into 3-5 leaflets; zygomorphic andromonoecious flowers and dehiscent fruit with one seed.
Subfamily Dodonaeoideae
This subfamily is expanded to include Euphorianthus, formerly placed in Sapindoideae. The Dodonaeoideae as defined by Radlkofer (1890 Radlkofer ( , 1933 are characterized by the presence of two or rarely more apotropous and upright ovules per locule, or rarely one ovule that is epitropous and pendulous. However, this does not hold anymore because of the inclusion of the above mentioned genus of Sapindoideae showing one campylotropous ovule per locule. This subfamily is divided into two groups ( Fig. 3 ):
-Doratoxylon group (Doratoxyleae, without Averrhoidium): indehiscent berry-like fruits; -Dodonaea group (Cossinieae, Dodonaeeae, Arfeuillea, Averrhoidium, Eurycorymbus, Euphorianthus, Harpullia and Majidea): dehiscent fruits.
Subfamily Sapindoideae
The subfamily Sapindoideae should be expanded to include Conchopetalum, formerly placed into the Dodonaeoideae. This subfamily as defined by Radlkofer (1933) is characterized by a single apotropous and upright or ascending ovule per locule; however the inclusion of several genera with two ovules per locule [Conchopetalum (this study), Delavaya, Koelreuteria and Ungnadia; Harrington et al., 2005; Thorne, 2007;  this study] renders this key-character obsolete. Based on our phylogenetic analysis, ten groups are now recognized (Fig. 4 
Conclusions
This study based on eight nuclear and plastid regions and 60.3% of the generic diversity of the Sapindaceae s.l. (152 samples and 139 species) (1) provides strong support for the monophyly of the family when Xanthoceras sorbifolia, Aceraceae and Hippocastanaceae are included (although relationships among subfamilies are still weakly supported), (2) highlights a high degree of paraphyly and polyphyly at subfamilial and tribal level, especially in Sapindaceae s.s. (subfamilies Dodonaeoideae and Sapindoideae) and (3) proposes a new informal classification for infrafamilial arrangements. Increased sampling, filled sequence gaps and the compilation of an extensive morphological matrix are now required to establish strong synapomorphies for each phylogenetic clade. A particular attention might be given to inflorescence types (and breeding systems) and floral morphology (e.g., shape and type of petal scale, type of disk, number of carpels, pubescence on the anthers, toxicity of the arillode). This might lead to a new formal infrafamilial classification for Sapindaceae s.l., based on the patterns highlighted in this study. 
